A sensitive radioimmunoassay utilizing Staphylococcus aureus cells containing protein A as a coprecipitant was developed for the detection and quantitation of staphylococcal enterotoxins A, B, C, D, and E in a variety of foods. The enterotoxins were extracted from the foods by a simple and rapid procedure. The sensitivity of the assay is 1.0 ng or less of enterotoxin per g of food.
A sensitive radioimmunoassay utilizing Staphylococcus aureus cells containing protein A as a coprecipitant was developed for the detection and quantitation of staphylococcal enterotoxins A, B, C, D, and E in a variety of foods. The enterotoxins were extracted from the foods by a simple and rapid procedure. The sensitivity of the assay is 1.0 ng or less of enterotoxin per g of food.
The radioimmunoassay (RIA) has been used for the assay of many antigenic substances since it was first reported by Berson et al. (2) . Several methods have been proposed for the detection and assay of staphylococcal enterotoxins A, B, and/or C (SEA, SEB, and/or SEC): (i) solidphase RIA with polystyrene tubes (3, 7, 13, 14, 21) ; (ii) RIA with bromoacetyl-cellulose as an immunoadsorbent (5, 6) ; (iii) the double-antibody technique with anti-rabbit gamma globulin (ARGG) as coprecipitant (17, 23) ; and (iv) RIA with cells containing protein A as coprecipitant, as reported by Metzger and Johnson at the 1977 Annual Meeting of the American Society for Microbiology (Abstr. no. P31, p. 259). Chloramine-T (5, 15, 18, 19) , lactoperoxidase (23) , and gaseous iodine (11) have been used for the labeling of one or more of the enterotoxins with 1251I or 131I with varying degrees of success. The major problem has been in finding a labeling procedure which results in a reasonably stable antigen that retains its specificity for its analogous antibodies. None of the RIA methods that have been applied to foods have given consistent results.
This paper describes an RIA procedure which gives consistent results with all of the enterotoxins in a wide variety of foods at a sensitivity of less than 1 ng/g of food. An enterotoxin analysis can be made within 1 working day once the labeled enterotoxins are available.
MATERIALS AND MErHODS
Purified enterotoxins and antisera. The purified enterotoxins and antisera were prepared in this laboratory. Stock solutions of the enterotoxins were made by dissolving the enterotoxins in a solution of 0.3% brain heart infusion broth, 0.9% NaCl, and 1:10,000 thimerosal. Stock solutions of the antisera were prepared by dissolving the lyophilized preparations in 2% bovine serum albumin (RIA grade, Sigma Chemical Co., St. Louis, Mo.)-0.15 M sodium phosphate buffer (pH 7.5), plus 1:10,000 thimerosal (2% BSA-PB). Further dilutions of antisera and enterotoxin were made with the incubation buffer, 0.15 M sodium phosphate-0.9% NaCl (pH 7.5).
lodination ofthe enterotoxins. The method used for the iodination of the enterotoxins is similar to that of Freedlender et al. (9) . A 15-pl amount of a solution of enterotoxin (1 mg/ml) was added to 2.5 ml of 0.05 M PB (pH 7.5) containing 1 mCi of carrier-free Nal"I (in 0.1 M NaOH; New England Nuclear Corp., Boston, Mass.). While stirring continuously in an ice bath, 0.5 ml of a freshly prepared chloramine-T solution (20 mg/ml) was added dropwise over a period of about 1 min. After 10 min, the reaction was stopped with the dropwise addition of 0.7 ml of a freshly prepared solution of Na2S205 (20 mg/ml). After another 10 min of stirring, the reaction mixture was transferred to a 3-ml column of Dowex-1 resin (chloride form, 20 to 30 mesh, Sigma Chemical Co.) that was packed in a disposable syringe barrel for removal of any unreacted '"I. The resin was prewashed with 100 ml of 0.05 M PB (pH 7.5) and pretreated with 2 ml of 2% BSA-PB to prevent nonspecific protein adsorption. After the addition of all of the iodinated mixture, the column was rinsed with 0.05 M PB (pH 7.5) until 10 to 12 fractions (0.5 ml each in minivials) were collected. The labeled enterotoxin usually comes off in fractions 2 through 8. A 5-p1 portion of each fraction was counted in a gamma counter (Packard Auto-Gamma Scintillation Spectrometer, Model 5130; Packard Instrument Co., Inc., Downers Grove, Ill.), and the plateau region of the l"I-labeled toxin peak was pooled and diluted to 10 ml with 2% BSA-PB. The "nI-labeled enterotoxin was divided into 2-to 3-ml portions and stored frozen until needed. The 20 min was followed by centrifugation for 10 min at 1,200 x g. The supernatant fluid was aspirated, and the pellet was counted for radioactivity. The percent of total radioactivity bound was plotted against the dilution of antiserum to determine which dilution gives 50% binding (5,000 cpm). This dilution was used for preparation of standard curves.
Cowan-I cells as immunoadsorbent. A modified version of the procedure described by Kessler (16) 
RESULTS
The plot of a typical standard curve is presented in Fig. 1 . The logit transformation was used to linearize the sigmoid dose response curves. The standard curve shows that the plot oflogit B/Bo versus concentration of enterotoxin fits a straight line over the range of 0.3 to 10 ng. Statistical analysis, using 95% confidence limits of the regression line, showed 0.3 ng to be the limit of detection. The difference between 0 and 0.3 ng was not statistically significant.
The results of adding different amounts of SEA to several foods are given in Table 1 . Milk was one of the easiest foods in which to detect enterotoxin, whereas ham, sausage, and raw dough were among the most difficult. These results show that even with these foods it was possible to detect 1 ng or less per g of food with this method. Concentration of the food extract by ultrafiltration made it possible to detect enterotoxin in two foods implicated in food poisoning outbreaks; this was not possible by other methods. The amounts in these foods were considerably less than 100 pg/g. The results obtained with several other food products which are frequently involved in food poisoning outbreaks are given in Table 2 .
Nonspecific inhibition due to the food itself was negligible in most cases and found to be the same regardless of sample size or concentration. (4, 22) . Current RIA methods were shown in one study to be less sensitive than the methods employing the microslide (1) . The sensitivity of our method was increased 10-fold by using 1 neither be detected by the microslide methods nor by our RIA method which utilizes a 1-ml sample of the food extract. Employing the ultrafiltration procedure described, it was possible to detect the enterotoxin in the food extract (140 pg/g). This concentration procedure is useful when the results from the standard procedure (1 ml of food extract) are questionable or for experimental purposes in studying the production of enterotoxin in food. The concentration procedure is not recommended for reference purposes, because there is little indication that this degree of sensitivity is required for the routine examination of foods suspected of containing enterotoxin. In any case, the unavailability of the purified enterotoxins, particularly SED, and the small number of laboratories that can provide the necessary facilities for handling radioactive materials will greatly restrict the use of RIA. ing the antibody-bound enterotoxin from the uncomplexed enterotoxin. The coated-tube method has been used most frequently because it was claimed that the tubes could be coated and stored at 50C indefinitely and that they were easy to handle since the antibodies were fixed and no centrifugation was necessary. We found the variations between duplicate tubes to be quite large, which we attributed to the immeasurable sloughing of antibodies after the coating and/or to the difficulty of controlling the coating of the tubes in a uniform manner. This problem was observed also by Orth (20) , who found that better results were obtained if the coating was done the day before use. In his work he used six tubes for each enterotoxin concentration to obtain a reliable standard curve versus the duplicates used in our method. It is normal procedure with the tube method to incubate the tubes for 18 h after the addition of the enterotoxin; thus it is not possible to complete the assay in 1 day. Also in this method it is necessary to partially purify the antisera before the coating to reduce the interference from food proteins (21) . The double-antibody method proposed by Robern et al. (23) appeared to overcome some of the difficulties encountered with the tube method, and it also appeared to be more sensitive. The major difficulty we found with this method was the variability of the ARGG from preparation to preparation, which made the obtaining of consistent results very difficult. The sensitivity of the double-antibody method proved to be less than our method unless a larger sample was used. However, this would necessitate increasing the amount of antibody and ARGG, thus increasing the cost and time of the procedure. Other disadvantages of this method are the longer incubation times necessary for the complex formation (overnight) and the fragility of the precipitates.
The use of protein A as an immunoadsorbent, first reported for the staphylococcal enterotoxins by Metzger and Johnson, is the method of choice for RIA. The protein A molecules attached to the cell wall of the Cowan-I strain of S. aureus bind specifically and strongly to the Fc regions of IgG (8) . The uptake of the immune complexes occurs within seconds (16) , and separation is easily accomplished by centrifugation, thus making this assay quick and simple to perform. This is important because the RIA incubate is in a state of dynamic equilibrium at the time of separation; thus, rapid separation leaves little time for readjustment of the equilibrium. The protein A cells are easy to prepare in the laboratory and are stable for several months in either the lyophilized or frozen state. The preparation of the cells is very inexpensive compared with the cost of the ARGG used in the double-antibody assay. Another advantage over the doubleantibody assay is that the amount of cells containing protein A is not critical as long as an excess is added. In the case of the double-antibody method, the ratio of the normal rabbit serum to the ARGG is critical and must be adjusted for each preparation.
The use of positive and negative controls in the examination of foods is indispensible because of the variation in nonspecific inhibition and nonspecific adsorption by different foods. It is essential that the foods used as controls be as similar as possible to the foods being examined for the presence of enterotoxin so that a reliable comparison can be made. A positive control to which 1 ng of enterotoxin per g of food is added is always included to determine the percent recovery of toxin in the extract in order to check on the applicability of the extraction procedure for each food. This is used in determining the actual amount of toxin in an unknown sample because, as can be seen in Table 2 , the recovery of enterotoxin varies from food to food.
